In 2010, the U.S. Army initiated a program through the Edgewood Chemical Biological Center to identify viable spectroscopic signatures of explosives and initiate environmental persistence, fate, and transport studies for trace residues. These studies were ultimately designed to integrate these signatures into algorithms and experimentally evaluate sensor performance for explosives and precursor materials in existing chemical point and standoff detection systems. Accurate and validated optical cross sections and signatures are critical in benchmarking spectroscopic-based sensors. This program has provided important information for the scientists and engineers currently developing trace-detection solutions to the homemade explosive problem. With this information, the sensitivity of spectroscopic methods for explosives detection can now be quantitatively evaluated before the sensor is deployed and tested.
INTRODUCTION
T he recent emphasis on finding technical solutions for the detection of improvised explosive devices (IEDs) has increased the interest in developing bulk and trace chemical sensors as one means to locate these threats. Despite the operational challenges associated with deploying chemical sensors for such applications, the interest in chemical detection continues to be driven by the fact that the explosive charge is the one common element in all IEDs. Homemade explosives (HMEs) pose a unique threat to US forces and homeland security due to the relative ease in both acquiring the materials and constructing the device. Therefore, investment in a means to detect and identify IEDs and their precursor components, especially those hidden inside vehicles or containers, is necessary. Understanding the potential capabilities afforded by exploiting the chemical signatures of explosives first requires understanding their nature and in particular their quantity, morphology, composition, persistence, transport, and spectral characteristics. All of these factors ultimately impact the development of technology and the concepts of operation or use. The Edgewood Chemical Biological Center (ECBC) has placed an emphasis on developing a broad understanding of the detailed signature science required prior to any sensor deployment. Without this information, the capabilities afforded by any new sensing scheme cannot be estimated before the sensor is deployed and tested.
Traditionally, the military has applied explosives detection as a means of finding land mines. Previous technologies associated with land mine detection centered primarily on using magnetometry and ground penetrating radar to detect a buried device, with chemical detection being limited to detecting explosives residue or degradation products that had percolated to the ground's surface. [1] [2] [3] [4] [5] [6] [7] In the realm of homeland security, the general focus has been on detection of trace explosives on surfaces (e.g., carryon luggage) or bulk explosives in cargo prior to an event in a relatively ''clean'' or clutter-free environment (i.e., airports). [8] [9] [10] [11] [12] [13] Law enforcement has traditionally focused on explosives detection primarily after the fact in the way of post-blast analysis of residue for attribution and subsequent prosecution. The current military environment requires explosives detection capability in all three scenarios. Therefore, the requirement we are trying to meet is to detect an explosive threat prior to detonation in a complex, dirty environment; to identify activities associated with IED manufacture and shipment; and conduct residue analysis for intelligence attribution or prosecution by local law enforcement.
The Department of Defense (DOD) and the Army are currently expanding their understanding toward the detection of hazardous chemicals in order to address the concurrent threats of toxic industrial chemicals in addition to traditional chemical warfare agents: explosives, HMEs, or precursors; potentially illegal drugs and their precursors. In 2011, the US Army initiated a threeyear Army Technology Objective (ATO; Detection of Unknown Bulk Explosives-R.FP.2010.01) as part of an effort to improve the understanding of the limits of point and standoff detection of explosives and chemical, biological, radiological, and nuclear hazards, with the ultimate goal of improving sensor integration and performance.
We have taken the approach that explosives detection is just another form of chemical detection, albeit with unique challenges. This is a different approach since military sensor programs are often segmented according to a complex space of specific threats (chemical, biological, explosive), sensor placement (point, standoff, remote), and level of analysis (screen, classify, identify). Fielded explosives detection capabilities rely on direct contact with or entrainment of the solid sample or the associated chemical vapor above the contaminated surface with the sensor. They do not provide the desired capability for standoff detection of tens to hundreds of meters, although they can be used for remote or robotic detection. While the ultimate detector is one that can precisely identify a combination of chemical, biological, and explosives threats at operationally significant standoff ranges, at this point in time, there is no deployable or affordable solution.
This three-year effort was designed to directly lead to improved sensor integration and performance in order to detect bulk explosives, hopefully leading to detection of trace contamination on surfaces initially up close and eventually at standoff distances greater than 50 m. This program provided important information for the Army scientists and engineers currently developing explosives detection solutions. The goals of this program were to develop a broad understanding of the detailed signature science prior to sensor deployment; identify viable chemical signatures of explosives; initiate environmental persistence, fate, and transport studies of explosive residues; and integrate novel algorithms and experimentally evaluate performance for explosives and precursor materials in existing chemical point and standoff detection systems.
In 2013, the program goals matured, focusing on signatures and algorithm development of explosives and precursor materials for integration into existing point and standoff detection systems and forensics analytical methods for military explosives, HMEs, HME precursors, and residue analysis for attribution. This year, ECBC transitioned three technologies resulting from applied research in the ATO into advanced development programs: the Chemical Reconnaissance Explosives Screening System based on colorimetric chemistries; the Chemical Explosives Detector centered on merging separate, yet fielded, ion mobility capabilities for explo-sives and chemical agents; and the Chemical Fingerprint Identification System (CFIS) based on Raman spectroscopy for integrated biometrics and chemical attribution.
As stated earlier, currently fielded surface detection systems rely on contact with either the contamination itself or the associated chemical vapor above the contaminated surface and, therefore, do not provide true standoff detection capability. In addition to DOD efforts at improving the detection of explosives and precursor materials, recent reviews have also been published in the fields of homeland and airport security applications. Developments for miniaturization, portability, field ruggedization and improvements in standoff distances, and selectivity and sensitivity have been necessary to develop and improve techniques. 14 This review article outlines the significant body of research accomplished by ECBC and its collaborators over the past five years and outlines the technical challenges that remain to be overcome.
SPECTROSCOPIC SIGNATURES OF EXPLOSIVES
Knowledge of optical cross sections and spectroscopic signatures are critical parameters needed in benchmarking spectroscopic-based sensors. While there are numerous examples of solution phase spectra of explosives in the literature, ECBC is the only DOD lab to quantitatively measure the diffuse reflection spectra and Raman signatures of solid explosive material and one of two labs nationally that we are aware of quantitatively measuring ultraviolet (UV) Raman cross sections. [15] [16] [17] [18] [19] [20] [21] Of particular note is the work of Sanford Asher at the University of Pittsburgh. His work is very extensive in the area of UV Raman for explosives detection, and over the past three years, his work has covered signatures, spectral profiles, cross sections, and solid solution analysis. [22] [23] [24] [25] While his work has not been in collaboration with ECBC, we have shared data and openly discussed the challenges of acquiring Raman cross sections of solid materials. These combined measurements have been used to assess the optimal excitation wavelength(s) for the detection of explosives from the deep UV to the near infrared (NIR) and determine differences in cross sections and signatures in the solid state (Table I) . 26, 27 In addition to Raman spectroscopy, others like Phillips and Ho at the Pacific Northwest National Laboratory 28, 29 and McGill et al. at the Naval Research Laboratory (NRL) 30 have been working on the detection of explosives using mid-infrared and quantum cascade lasers since 2008. Their most recent work has applied these systems for standoff detection and imaging of explosives.
The ECBC quantitatively measured the diffuse reflection spectra of a variety of compounds related to explosives from the near-UV through the mid-infrared range (250 nm to 16.7 lm), shown in Fig. 1 . 31 The majority of the spectra were acquired from bulk powders of the compounds using integrating sphere techniques. Several compounds, in neat form and diluted in potassium bromide, were pressed into pellets and measured using a combination of reflection and transmission techniques. Reflection spectra were also acquired from thin films of the compounds inkjet-deposited on aluminum. Although we will expound on this concept later in the paper, ECBC has found the deposition of analytes by replacing inks with chemicals and solvents in a normal piezoelectric inkjet printer to be an extremely reproducible technique for creating optical standards. Figure 2 shows the measured reflectance spectrum of neat ammonium sulfate and its calculated Fresnel reflection spectrum. A comparison of transmission spectra obtained using the integrating sphere with those obtained using the more common transmission technique indicated that the integrating sphere may be useful for studying the fundamental optical properties of compounds. This is primarily because in our measurements of the contaminated rough surface when reflectance R is made in the integrating sphere, it captures all scattered photons, and the losses are due only to the reflectivity of the substrate, the reflectivity of the target, and the two-way attenuation (by absorption) from the volume of the deposited material. The complex refractive index of several materials used to manufacture HMEs was also obtained using infrared-variable angle spectral ellipsometry (IR-VASE). The capabilities of laser-induced breakdown spectroscopy (LIBS) make it an attractive technique for the standoff detection of explosive, chemical, and biological threats on surfaces. [32] [33] [34] [35] [36] [37] [38] Because LIBS is an atomic spectroscopy technique, molecularly specific chemical identification is complicated by the similar stoichiometry of threats and the fact that spectrochemical information obtained from a surface interrogated by LIBS provides the elemental composition of a potential surface contaminant along with the elemental composition of the surface through ablation. A recent comprehensive review article on LIBS by Hahn et al. comments that ''. . . from an analytical point of view, the quantitative aspects of LIBS may be considered its Achilles' heel, first due to the complex nature of the laser-sample processes, which depend upon both the laser characteristics and the sample material properties, and second due to the plasma-particle interaction processes . . .'' together which may cause undesirable matrix effects. 39 It is fair to say that, in its current state, LIBS fails to provide the confidence necessary in chemical analysis for weapons intelligence purposes and ultimately attribution. Since there are a number of additional optical or spectroscopic techniques that could be applied to the problem of standoff detection on surfaces that do not suffer from these issues, military interests in and pursuit of LIBS has waned and was therefore excluded from this ATO effort. Laser-induced breakdown spectroscopy does offer a set of unique capabilities to the problem of HME detection on surfaces. It is one of the few analytical techniques that can analyze HME materials for and identify the presence of metalized powders used as a fuel. However, concerns remain with respect to matrix effects, reproducibility, and quantification. As advances in LIBS instrumentation improves, perhaps the fidelity of the spectral information available to multivariate analysis techniques will as well. 40 
DETECTION CHALLENGES OF EXPLOSIVE THREATS
Investigating the detection challenges of explosives using a signature science approach requires an analysis of all potential signatures emanating from the target. In its simplest form, the technical requirement for any detection event has three basic tasks: signature measurement, background measurement, and comparative analysis of the two measurements to reconcile differences in order to make an informed decision on the threat. For any signature measurement task, it is critical that the signature being measured is unique for the threat material in question and is not present in the background or environment. This becomes a challenge when attempting to detect trace explosives in a combat environment.
Explosives in the Background. During a background measurement campaign to determine the amount of trace explosive residues in an operational military environment, scientists from ECBC and Massachusetts Institute of Technology: Lincoln Laboratory (MIT LL) collected samples at the National Training Center at Fort Irwin, CA. The objectives of this campaign were to develop the analytical methods needed to collect samples in tactical military settings; use the data obtained to determine what the trace explosive phenomenology suggests about the potential capabilities of chemical-based means to detect IEDs and IED-related threats; and present a framework whereby sound signature science can be used to guide the development of new sensing technologies and sensor concepts of operation. 41 An analytical method based on gas chromatographymass spectrometry (GC-MS) was developed at ECBC, and its performance was compared to a dual gaschromatography electron-capture detection (GC-ECD) 2 method, developed by MIT LL, based on the Environmental Protection Agency Analytical Method 8095. The GC-MS method consequently allowed the identification of two thermal degradants of pentaerythritol tetranitrate (PETN) not previously detected by electron capture detection. In addition, the mass spectral technique provided greater structural and conformational information which aided detection and identification of energetic compounds. 42 Using these two analytical methods, all 817 sample locations measured during this campaign at Fort Irwin were classified by threat state, operational background, and sample type. The trace explosive results from this campaign indicated that environmental explosive residues are spatially correlated with IED-related threats, although the correlation is weak. For example, it was determined that 27% of all IED-related threats exhibited trace explosive residues exceeding 1 lg on/in their immediate vicinity, whereas for general background measurements, this fraction was only ,1%. However, 6% of background measurements taken from live-fire areas recorded contamination levels in excess of 1 lg.
These results indicate that tactical use of explosives detection to locate IEDs and/or IED-related threats will likely not support high probabilities of detection (PD; i.e., ,50% PD at best) or low probability of false alarm (PFA) rates (i.e., .5% PFA likely). The data does suggest new strategies may be possible that might provide capabilities not afforded by currently pursued detection strategies. Armed with detailed information about trace signature phenomenology, new strategies and ultimately new technologies might be applied to maximize the tactical benefit of chemical detection.
Liquid Versus Solid State. For standoff detection of solid explosives applications, modeling combined with experimental validation is necessary to determine the effects of particle size, packing, and morphology on the level of Raman scattered light returned to a sensor. These effects are important in determining the sensitivity of Raman-based sensors. 26 There are many examples in the literature of Raman cross sections of molecules in the gaseous, liquid, and solution phases, but there are only a limited number of absolute cross-section measurements reported in the solid state. [43] [44] [45] [46] For explosives, it is particularly important to measure the cross sections in the solid state, since explosives such as hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), PETN, ammonium nitrate (NH 4 NO 3 ), 2,4,6-trinitrotoluene (TNT), 2,4-dinitrotoluene (2,4-DNT), and 2,6-dinitrotoluene (2,6-DNT) are most commonly encountered in this form.
In order to benchmark standoff instrument design and theoretical calculations, ECBC measured Raman cross sections for the explosive compounds RDX, HMX, TNT, 2,4-DNT, 2,6-DNT, and ammonium nitrate in solution, and the solid state using discrete excitation wavelengths ranging from 229 to 785 nm. 26, 27 Differences in spectra were found for HMX and RDX in solid and liquid phase and were related to the different conformations of the molecules and not by crystalline or solvent effects, while the spectra of nitroaromatic explosives, such as TNT, were similar in both the solution state and solid state. Excitation in the deep UV (wavelength , 300 nm) leads to the likely presence of resonance enhancement, giving enhanced signal levels. Measurements of cross sections in solution using internal standard techniques are easier to perform and give properties of the isolated molecules in a dielectric, but are less realistic since explosives are commonly encountered in the solid state. Solid-state cross sections can be measured using internal standard techniques; however, nanostructured substrates must be used when using resonance excitation to avoid bias due to absorption. 27 The visible and NIR solid-state Raman cross sections of these explosives using NaNO 3 as an internal standard have been published by Emmons et al. 26 In the procedure used to make those measurements, the explosive and standard were finely ground and well mixed using a ball mill to ensure a uniform relative concentration of each in the sampling volume.
Solid-state measurements using UV excitation are more difficult because the UV penetration depths of solids in the vicinity of strong absorption bands can be on the order of only tens of nanometers. Because of this, it is necessary to use nanoparticles with dimensions smaller than the penetration depth at the incident-and Raman-scattered wavelengths in order to reduce bias from absorption. The group of Asher et al. has measured the deep-UV resonance Raman cross sections of explosive nanoparticles in the solid state using a colloidal crystal technique to produce explosive nanoparticles and eliminate bias due to absorption. 24 In their approach, a stoichiometrically defined mixture of NaNO 3 and Na 2 SO 4 was deposited from solution into the interstices of a close-packed photonic crystal. The Na 2 SO 4 served as a nonresonant internal standard, while the interstices yielded particles significantly smaller than the penetration depth of the 229 nm radiation in NaNO 3 . They have also examined the photochemistry of sodium nitrate in solution and the solid state. 47 Emmons et al. used a different technique to produce nanosized mixtures of explosive and an internal standard. 26 In their work, an aerosol jet of a solution containing known concentrations of the explosive material and the internal standard (sodium sulfate or ammonium sulfate) was sprayed onto a heated aluminum-coated microscope slide purchased from Evaporated Metal Films Corporation, Ithaca, NY. The slide temperature was maintained at~100 8C in order to rapidly evaporate the solvent. Several factors allowed for a nanostructured mixture of the analyte and internal standard to be formed. Since the solvent evaporation is rapid, there is little time for large crystals to grow. Also, the concentration of the resonant analyte was kept at least an order of magnitude less than that of the nonresonant internal standard. This made it even more difficult for large particles of the resonant analyte of interest to form since the presence of the internal standard at a higher concentration will interfere with their growth. A summary table of the Raman cross sections of explosives is given in Table I , including both solution and solid-phase cross sections (in parentheses) as a function of wavelength. The values listed in this table were taken from Ghosh et al. 25 and Emmons et al. 26, 27 It is expected that the Raman spectra and cross sections of the solid phase explosives will differ from those obtained in solution due to differences in molecular conformation. For example, the most stable conformation for gas-phase RDX molecules is believed to be the chair conformation with all three nitro groups pointing parallel to the axis of the ring, the so-called AAA conformation (the conformation adopted in crystalline b-RDX). 48, 49 In the solid state, RDX adopts a crystalline a phase with an AAE chair conformation in which two of the nitro groups point along the axis of the ring, and the third points in a nearly equatorial direction. 49, 50 The Raman spectra and crystal structure have been studied in detail and vibrational mode assignments suggested. [50] [51] [52] The HMX is similar to RDX except that it contains an eight-membered ring instead of a six-membered ring. The most stable phase is denoted as b-HMX and is the one that is present in bulk explosives. 53 Vibrational mode assignments for HMX have also been reported. [54] [55] [56] For RDX and HMX, it has been shown that the appearance of the vibrational spectra is dominantly determined by the molecular conformation with the crystalline structure playing a secondary role, indicating relatively weak intermolecular interactions in the solid state. The published spectra of RDX and HMX show that the solution-phase normal Raman spectrum does not match the spectra of either of the dominant solid-phase spectra (Fig. 3 ). 26 It is likely that the interaction with the solvent (acetonitrile) shifts the Raman bands of RDX and HMX. It is also possible that the differences are caused by the presence of multiple conformations in the solution.
There are also differences in the solid-and solutionphase normal Raman spectra of ammonium nitrate resulting from the different symmetries of the nitrate ion in the two environments. 57, 58 Only minor differences in spectra are seen for solid-and solution-phase TNT, 2,4-DNT, and 2,6-DNT, indicating that the molecular conformations are similar for solid and solution. 26 For the limited number of explosives where both solution and solid cross-section data are available, there is no clear trend in the ratio of the two values. The solid-and solution-phase cross sections for PETN in the UV are similar, while the UV ammonium nitrate solution-phase cross sections are two to four times larger than those of solid phase. The visible/NIR ammonium nitrate cross sections are approximately equal for solution and solid.
Except for the 885 cm -1 C-N ring breathing mode of RDX, the solid-phase visible/NIR cross sections are all roughly double the solution-phase cross sections. Because of the scarcity of relevant data, it is difficult to draw any conclusions on the relative strengths of the Raman spectra of solid explosives compared to those in solution. It is clear for the analytes studied, however, that those differences are relatively minor and that the solution-phase cross sections (which are much easier to measure) provide a reasonable approximation to the solid-phase values.
Bulk Versus Trace. The DOD has the need to detect bulk explosives and trace levels of explosives on multiple surfaces and substrates for post-blast forensic missions. Previous work has shown a clear enhancement of specific Raman lines in the explosive substances at UV wavelengths which can be used to identify trace amounts at a distance. In terms of sensor applications, it would generally appear advantageous to use as short an excitation wavelength as possible to obtain the greatest amount of signal. Additionally, many analytes of interest are also more likely to have resonance enhancement at shorter excitation wavelengths. This is seen for ammonium nitrate and TNT in Fig. 4 as the Raman cross sections increase with increasing absorption at shorter wavelengths and generally track the wavelength dependence of the molar absorptivity. As can be clearly seen in Fig. 4 , the increase in Raman cross sections associated with resonance enhancement is often mitigated by the absorption of the incident laser radiation (middle trace). The acetonitrile contribution was numerically subtracted from the solution-phase spectrum. 26 and Raman scattered light, which limits the penetration depth and reduces the sampling volume.
It is also the case that fluorescence interference from both the analyte of interest as well as inferents (impurities) becomes stronger as the wavelength decreases. This can sometimes be overcome by exciting with the light of a wavelength less than 250 nm, which positions the Raman scattered bands at a sufficiently short wavelength so that they do not overlap with the fluorescence bands at longer wavelengths. 59 If fluorescence is a significant problem, as it is for many realistic samples of interest, it may instead be useful to shift to longer wavelength excitation, such as 785 nm or even 1064 nm. The reduced cross section at these wavelengths may be more than offset by the ability to use higher intensity laser excitation. The possibility of photoinduced damage to the sample also increases with the increased absorption at shorter wavelengths. 60 Because we are only interested in the wavelength dependence of the Raman signal, we can define a relative Raman signal as S/S max where S max is the maximum signal calculated for that particular sample thickness. The calculations are performed only at the excitation wavelengths where Raman cross sections have been measured. The relative Raman signal as a function of wavelength and sample thickness and excitation wavelength is shown for ammonium nitrate in Fig. 4 . Based on the UV/visible (UV/Vis) absorption spectra (data not shown), if we assume that the peak molar absorptivity is the same in solution and the solid state, the penetration depth of the excitation light as a function of wavelength can be calculated for ammonium nitrate. The penetration depths for the excitation wavelengths used are as follows: 262 nm, 18.0 lm; 244 nm, 4.0 lm; 238 nm, 1.2 lm; 229 nm, 0.2 lm. The samples are assumed to be transparent at 532, 633, and 785 nm. The Raman cross sections used for this analysis are the average values of the solution and solid measurements (where available) published in references. [61] [62] [63] For a 100 nm thick sample, the attenuation even at 229 nm is small, and the relative Raman signal closely follows the Raman cross section. However, a sample thickness or particle diameter this small is not likely to be encountered operationally. Starting at sample thicknesses greater than 1 lm absorption becomes an important effect, and the relative Raman signal actually decreases for excitation wavelengths from 238 to 204 nm. The relative signal for a sample depth of 1 mm is maximized with UV excitation at 257 nm, while for sample thicknesses of 1 cm, as might be expected for a bulk sample or pile of material, the greatest signal is obtained with visible excitation. In this case, a significantly larger sample volume is probed using longer wavelength excitation. Detection of trace ammonium nitrate contamination comprising small particles, on the order of microns in diameter, favors UV excitation. Operational considerations, such as eye safety and solar interference, may require the use of a wavelength other than the true optimum excitation wavelength. It is important to note that the relative Raman signal calculation includes the combined effects of absorption and resonance Raman cross section enhancement for a particular chemical and cannot be generalized. The calculations for other chemicals such as TNT (Fig. 4) produce different relative Raman signals and sample thickness dependent optimum excitation wavelengths.
Substrate Impacts on Spectral Signatures. In the UV, visible, near-, and mid-infrared regions, observed spectra will be a hybrid of reflection and transmission spectra, dependent on particle-size distribution and substrate reflectivity. The ECBC conducted reflection and transmission studies of explosives materials in bulk form and as thin films prepared on surfaces by inkjet deposition of explosives in the near-UV (250 nm) through the mid-infrared (16.7 lm) range. Complex optical constants of potassium chlorate, ammonium nitrate, and ammonium sulfate were obtained by variable angle spectral ellipsometry (VASE) to elucidate the characteristics of the reflectance spectra of the compounds for standoff detection. By using disks comprised of a base coat with a clear coat of polyurethane or polycaprolactone, we showed that white or black base coats had low reflectance and that clear base coats had large absorption bands. A Kramers-Kronig transformation was successfully used to extract the features of the clear coat. By using a reference spectrum of a disk with no compound deposited, it was possible to extract the reflectance features of the compounds deposited on the surfaces and model them using Fresnel reflection. 31 Due to scattering and reflectivity effects, rough surfaces pose a challenge when trying to detect chemical contaminants. The ECBC studied the radiative transfer and reflectance of potassium chlorate and ammonium nitrate contaminated surfaces between 500-4000 cm -1 as a solution for explosives material detection. This yielded a model, illustrated in Fig. 5 , that combines theoretical-based radiative transfer, empirical approximations for reflectance of rough surfaces, and empirical modifications of the target absorption coefficients to account for effects of deposition morphology; however, model results were inconclusive when applied to field data for aluminum substrate. 64 Effect of Fill Factor. In collaboration with ECBC, MIT LL measured explosive particle sizes, areal densities, and environmental fate to better inform technology options for standoff explosives detection. The MIT LL measured the areal densities of explosive particulates on surfaces following both fingerprint contact and transport of 500 kg quantities of prilled fertilizer to quantify areal fill factor and how it influences the signature available for remote optical sensing. They found that optical sensing techniques requiring 100% of the illuminated pixel to be filled for detection have limited utility for trace detection, unless the projected pixel dimension or ground sampling dimension (GSD) is ,1 cm. For remote fingerprint detection, a much smaller GSD value (~1 mm) or sensors capable of detecting sparsely filled pixels (,1%) are required. The MIT LL produced a proof of concept using photo-dissociation followed by laser-induced fluorescence as a rapid remote optical detection technique for the mass and areal fill of trace TNT. This method produces an emitted photon that is higher in energy than the illuminating photon, thereby minimizing interference from the underlying substrate, allowing for detection of a sparse coverage (,1%) of explosives. 65 
FATE AND TRANSPORT
Detailed knowledge of the fate and transport on surfaces and in continuous media in explosives is critical for accurate determination of the original explosives. Energetic materials are subject to photoand bio-induced degradation and will only persist for finite times in the environment. However, knowledge of their degradation pathways and kinetics can identify analytical targets of opportunity and help determine the time course between initial explosives dissemination and collection.
The reactive fates of explosive materials have been studied extensively. For instance, TNT is a relatively stable organic compound and can persist on environmental substrates for an extended period of time. Unlike some other explosive compounds, TNT does not undergo degradation in water at neutral conditions; however, hydrolysis can occur in the presence of sunlight and microbial sediments. 66 Also, TNT is more prone to photolytic degradation and photolyzes into other nitroaromatics. 67, 68 The degradation process can also be affected by a number of environmental conditions, such as pH, and the presence of cations or organic material in the system. 69 Alternatively, RDX undergoes both photolysis and hydrolysis to form several byproducts. 70, 71 Several of these byproducts (e.g., 4-nitro-2,4-diazabutanal) are soluble and do not hydrolyze; however, once RDX degrades into amide intermediates, the amides rapidly undergo hydrolysis. Nickel and zinc catalysts can further increase the degradation rate of RDX and other nitrates. 72 Ionic salts (ammonium nitrate, urea nitrate, etc.) are commonly used explosive components of IEDs and HMEs. Ionic salts do not degrade but can be transported by dissolution. 73 Ammonium nitrate does not degrade to further solid products; its ultimate degradation products are gases such as ammonia, nitrogen oxides, and nitrogen.
The MIT LL determined the chemical and physical fates of trace amounts (,50 lg) of explosives containing TNT, RDX, and PETN for the purpose of informing the capabilities of tactical trace explosive detection systems. A combination of sublimation and photodegradation yielded mass decreases and the chemical composition changes. Figure 6 illustrates these changes in a TNT particle. The rates for these processes were dependent on the explosive composition as well as on both the ambient temperature and the size distribution of the explosive particulates. From these results, MIT LL developed and applied a persistence model to the time dependence of both the mass and areal coverage of the explosive fingerprints, resulting in a predictive capability for determining fingerprint fate. Sublimation rates for TNT were depressed by UV (330-400 nm) exposure due to photochemically driven dimerization, but increased for RDX due to bond scission. These effects can be accurately predicted, provided the particulate size distributions and time-variant temperature are known. 73 From these measurements, it was found that the trace amounts of explosives decreased in abundance and changed in composition on a timescale of hours, with persistence lifetimes ranging from ,1 h for finely dispersed TNT particulates in a hot, arid environment to .100 h for aggregates containing RDX in a more temperate environment. Importantly, for most instances, less than 10% of the original signature remained after 4 d. This understanding is critical for determining the impact of environmental exposure to the overall PD and simply the timeframe where explosives detection is viable. 73 
STANDARDS FOR OPTICAL MEASUREMENTS
Accurately collected and validated signatures are critical for evaluating the performance of existing sensors and predicting the performance of future detection capabilities. An assortment of reference materials is also needed to allow the requisite flexibility to react to the diverse and evolving range of threats encountered. Therefore, ECBC and others are pursuing the development and adoption of standardized methods for the evaluation of standoff optical systems for explosives detection.
Existing preparation methods of reference samples, such as drop-and-dry (drop casting) and spray-deposition methods, present a range of variability and reproducibility issues, including inhomogeneous sample coverage and material waste, as shown in Fig. 7 . As such, drop-on-demand inkjet printing technology has become a promising method of producing standardized test materials with high precision, accuracy, scalability, and flexibility to allow for the inexpensive, highthroughput production. 74 The feasibility of using piezoelectric drop-on-demand inkjet printing technology to produce test materials for trace level (0.1-100 ng) explosive analysis has been shown. A key consideration is the reproducibility of the printing process for mass deposition of the materials. 75 This process has been evaluated for production of test coupons for ammonium nitrate, TNT, RDX, and sucrose on a variety of substrates. This process was found to provide precise control of areal density, but relevant fill factors and particle sizes may be difficult to achieve because of complicated solvent-substrate interactions. A custom image analysis technique, NRL ParticleMath, has been developed to characterize and quantify particle loadings on test coupons. For optical spectroscopy techniques, several particular areas of concern include spectral features differing from ''bulk'' samples, a largerthan-desired test coupon fill factor produced at relevant mass loadings, and difficulty in generating relevant particle sizes. 30 The ECBC has also fabricated synthetic, uniform witness cards for downstream development of Ramanbased standoff detection systems. Utilizing a Direct Jet 1309 printer (Direct Color Systems, Rocky Hill, CT), shown in Fig. 8 , various chemical simulant characteristics were evaluated for printing suitability, including viscosity, surface tension, density, substrate surface energy, and harmfulness to the printer. The printer produced uniform distributions and quantitatively accurate samples within 7% of predicted amounts. When samples were printed on a heated substrate, particles were much smaller and more evenly distributed than at room temperature ( Fig. 9 ). 76 Both drop-and-dry and drop-on-demand techniques were also used to investigate the a and b polymorphisms of RDX. When using samples prepared with a drop-ondemand inkjet system, the technology must be ''trained'' to detect and identify multiple polymorphic states of energetics based on spectral features. Well-characterized standardized samples of solid-phase explosives on a variety of surfaces are critical for evaluating optically based detection systems. The drop-and-dry technique produced nonuniform samples having both a and b polymorphs of RDX. The drop-on-demand technology allowed for uniform samples having b-RDX present in only trace quantities. Further studies are needed to test additional analytes of interest. 77 
EXPLOSIVES FORENSICS
Because of its sensitivity and spatial resolution capabilities, Raman spectroscopy is particularly well suited to the characterization of small particles of forensic interest. The ECBC has led community efforts to exploit Raman spectroscopy in the detection and characterization of microscopic explosives particles incorporated into human fingerprints. From a forensic standpoint, analysis of a sample without compromising the biometric integrity of the sample is of utmost importance. The presence of four distinct explosives, RDX, HMX, PETN, and ammonium nitrate, was identified from fingerprint residue using Raman spectroscopy (data not shown). The unique signatures of each explosive allowed for their identification, despite the presence of interferents such as skin fragments and fingerprint oil. 78 The ECBC partnered with the Army Criminal Investigation Laboratory to develop a method for nondestructive Raman chemical imaging (RCI) and biometric analysis of fingerprinting. This method can be used to simultaneously identify threat materials and analyze the fingerprint through the Automated Fingerprint Identification System (AFIS). Figure 10 illustrates this capability by identifying trace explosive residue (RDX) within a fingerprint. Future work is intended to improve automation of RCI systems and lateral communication compatibility with current AFIS systems with the intent of implementing this analysis into fingerprints collected at security checkpoints for forensic, counterterrorism, and drug investigations. 79 This work utilized an RCI system with a liquid-crystal tunable filter to detect and discriminate between different types of explosives on simple noninterfering substrates, such as aluminum-coated microscope slides, and highly interfering substrates, such as plastics ( Fig.  11 ). Subtracting background interference using the partial least squares technique was effective in identifying explosive particles present, even when the background signal was significantly stronger than that of the explosive of interest. A ChemImage Falcon II RCI system was used in this work, but a system designed specifically for fingerprint analysis is currently being developed through collaboration with industry. It should have several potential advantages to eliminate much of the requisite manual input and bring the technology closer to being fieldable. 80 
CONCLUSIONS, RECOMMENDATIONS, FUTURE DIRECTIONS
The traditional military applications of explosives detection toward finding mines has been inadequate to address the current military environment, which includes trace residue detection of explosives prior to an IED event and post-blast analysis of residue for attribution and prosecution. A concerted effort is still required to develop the capability to detect an explosive threat prior to detonation in a complex, dirty environment; to identify activities associated with IED manufacture; and conduct residue analysis for intelligence or attribution. As part of this scientific development, it has been critical that relevant spectroscopic signatures are accurately collected and validated in order to properly evaluate the performance of existing sensors and for predicting the performance of future detection capabilities. In order to realize a future capability in standoff explosives detection, a full understanding of the spectral signatures remain and must take into account the effects of having a thin film versus a sparse deposit, the spectral differenc- es between trace quantities and bulk material, as well as the impacts of the substrate on spectral signatures. The ECBC continues to advocate the scientific community to adopt standardized methods for the evaluation of standoff optical systems for explosives detection. We have successfully used inkjet-printed explosives and a coupon methodology to quantitatively assess optical detection technologies in the laboratory and field environments. While the National Institute of Standards and Technology pioneered inkjet deposition of explosives for ion mobility spectrometry analysis, 81 ECBC and the Army Research Laboratory 82 have worked jointly to extend this capability to be applicable to optical systems.
Much progress has been made on the measurement of the Raman spectra and cross sections of explosive material, including the dependence of the spectra on crystalline phase and the differences between solutionand solid-state spectra. Armed with the Raman scattering and UV/Vis absorption spectra, we are able to predict both selectivity and sensitivity as a function of sensor parameters (e.g., excitation wavelength) and sample characteristics (e.g., particle size and area coverage). This can help guide future Raman sensor design for the specific application of explosives detection, whether for the detection of bulk material on the back of a truck, or detection of trace residue deposited as a result of manufacturing or transportation.
A number of standoff Raman systems have been developed that have demonstrated some capability to detect explosive contamination on surfaces, albeit at levels above what could be considered trace. While the analysis of the wavelength dependence of the Raman signal shows the advantage of using UV excitation for detecting small particles, the lack of a suitable solidstate laser operating below 250 nm limits its employment operationally. Another issue facing any standoff optical detection technique has to do with targeting or sampling. While Raman spectroscopy may be capable of detecting and identifying relatively small (millimeter sized) particles at standoff distances, the time required to scan any reasonably sized surface would likely be prohibitive. Because of this, standoff trace detection will likely require imaging of some kind, either full Raman or coherent Raman imaging of the contaminated surface, or normal point Raman spectroscopy coupled with a more sensitive but less specific imaging technique such as shortwave infrared (1.4-3.0 lm) or fluorescence to provide positional targeting and identification of regions of interest.
Regardless of the challenges, the ability of Raman spectroscopy to provide chemical identification, with spectra that are qualitatively insensitive to sample morphology, makes it very attractive for standoff detection of explosive material. Advances in deep UV and femtosecond laser technologies promise to improve detection limits and yield more rugged Raman-based sensors for field use.
